A great deal of attention has recently been given to the essential role of polyunsaturated fatty acids (PUFA) of sperm membranes. We studied the fatty acid composition of the immature germ cells (IGC) and of the sperm populations separated by Percoll gradient in the ejaculate of normozoospermic patients. Fatty acid pattern was analysed by combined gas chromatography-mass spectrometry on a capillary column. In IGC, differences were found compared with mature spermatozoa, with a higher percentage of saturated fatty acids and of essential fatty acids. On the contrary, the long-chain PUFA were significantly lower in IGC. The highest concentration of n3 PUFA docohexaenoic acid (DHA) was detected in the spermatozoa deriving from 70-100% Percoll layers and a direct linear correlation was found between the increase of DHA and increased percentage of Percoll gradient. An inverse relationship between the percentage of atypical sperm forms in each layer and the percentage of DHA was also observed. This study demonstrates that the human germ cell line can elongate and desaturate essential fatty acids and that the percentage of long-chain PUFA is correlated with the normal morphology of sperm cells.
Introduction
of their membranes because of the scarce quantity of cytoplasm. For all these reasons, over the last few years, PUFA have been In recent years, a great deal of attention has been given to the studied as a marker of sperm pathophysiology. In normal sperm plasma membrane and its function during fundamental subjects, a higher degree of unsaturation of sperm membrane phenomena of the sperm life cycle, such as sperm maturation, PUFA was found compared with other cells of the body and sperm motility, acrosome reaction, and sperm-oocyte interdifferences between whole spermatozoa and Percoll-selected action. One of the major goals still to be reached in this field spermatozoa (Lenzi et al., 1996) . Moreover, it has been is the identification of the physiological plasma membrane reported that, in selected infertile patients with unilateral left constitution needed for normal sperm fertilizing ability; sucvaricocele and dyspermia, red blood cell plasma membranes cessful identification of this make-up could lead to its use as show an alteration in the ratio between unsaturated and a marker of sperm function. This is not an easy task, bearing saturated fatty acids. This marker could therefore indicate an in mind the specific characteristics of spermatozoa swimming alteration in the general constitution of the cell membranes of in semen; a pool of polarized cells at varying degrees of these patients. Of the possible anti-oxidant therapies, glutamaturation, extremely susceptible to all external aggression thione has been able to produce an improvement in sperm and particularly to the induced peroxidation processes caused motility and in the lipid peroxidation potential of semen (Lenzi by reactive oxygen species (ROS) in the male and female et al., 1993, 1994) associated with an increase of the percentage genital tract secretions. This susceptibility is partly due to the of PUFA in the red blood cell membranes of these selected relatively high concentration of polyunsaturated fatty acids cases. In the present work, the fatty acid pattern of immature (PUFA) of phospholipids (PL) in relation to the scarce quantity germ cells (IGC) and of sperm populations selected using of cytoplasmic scavenging enzymes and partly to the equilibmodified Percoll gradients was studied. rium between anti/pro oxidant systems present in the sperm microenvironment (Alvarez et al., 1987 (Alvarez et al., , 1989 Aitken, 1991) .
It is also important to note that current theories suggest that
Materials and methods
a prerequisite for normal cell-cell interaction and cell fusion is membrane fluidity, flexibility and ability to condition receptor
Donors and ejaculates
expression and action. These characteristics are mainly dependHealthy fertile donors (n ϭ 10) were selected on the basis of the ent on sperm plasma membrane lipid constitution and the following seminal characteristics: sperm concentration 80ϫ10 6 ml, degree of PUFA unsaturation. Furthermore, the majority of forward motility Ͼ50%; atypical forms Ͻ45%. None of the subjects had been treated medically in the 6 months prior to the study. The the detectable PUFA in spermatozoa derive from the PL layers semen analyses were carried out according World Health Organization Polyunsaturated fatty acids of sperm populations criteria (WHO, 1999) . After the semen analysis the ejaculates were
In the whole semen cell samples, the single layers containing used for spermatozoa and IGC separation according to a modified spermatozoa which had been selected on Percoll gradients and the Percoll gradient method (Berger et al., 1985) , previously described pool of the layers containing the IGC were extracted twice in (Gandini et al., 1999) and reported in the following paragraph. The chloroform:methanol (2:1) (Merck, Darmstad, Germany) in the prespercentage of atypical forms was evaluated in whole sperm sample ence of butylated hydroxy toluene (BHT; Merck) (50 µg) as an and in the single Percoll layer containing selected spermatozoa. In antioxidant. The extracted lipids were separated by thin-layer chromathe six ejaculates where the semen volume was Ͼ4 ml, the ejaculate tography on a silica gel plate. The solvent system was a mixture of was divided into two aliquots and the samples were processed using hexane:diethyl ether:acetic acid (70:30:1.5, v/v/v). The phospholipids the two Percoll gradients reported below in order to obtain, in the were scraped off from thin layer plates, extracted three times with same semen sample, the best selection of sperm populations and a 3 ml chloroform:methanol (1:1) and methylated for 30 s at 60°C in careful isolation of IGC.
30% sodium methoxide (Merck) in methanol. Tricosanoic acid (C23:0, 50 µg) was added as internal standard before scraping. The resulting methyl esters of fatty acids were analysed using a combined gas Percoll gradients chromatography mass spectrometry (Hewlett Packard 5890 II gas In order to have sperm populations selected on the basis of their chromatograph combined with 5989 mass spectrometry) system on morphology and motility as well as a careful isolation from leukocytes capillary column (FFA-P, 60 mϫ0.32 µmϫ0.25 mm, Hewlett Packand IGC, an isotonic Percoll gradient (composed of the following ard). Helium was used as the carrier gas. Oven temperature from 80-layers/gradients 40-50-70-80-90-100%) was used. The method used 200°C at 10°C /min and then to 230°C at 2°C/min was used. The was that of Berger (Berger et al., 1985) , modified by the addition of results were obtained after time integration of chromatogram and a number of gradients, in order to obtain the best results (Gandini final processing of the peak areas and are reported as a percentage et al., 1999). In particular, regarding the separation of IGC, we used of the total fatty acids analysed. The identification of each peak was a Percoll gradient made up of 30-35-40-45-50-70-80-90-100% checked comparing the mass spectrum with those of fatty acid methyl layers/gradients. Isotonic 100% Percoll (Sigma Chemical Co, St ester standards (Sigma). Louis, MO, USA) prepared by adding nine parts of Percoll to one part of Earle's salt solution 10ϫ (Imperial, UK). Percoll was used in Statistical analysis these procedures for experimental use only.
Student's t-test was used to determine statistical significance of The procedures of separation were as follows: the isotonic Percoll differences found in percentages of PUFA. The correlation that exists 100% with Earle's salt solution (Imperial, UK) was diluted to obtain between the most representative PUFA and the sperm population the dilutions 30, 35, 40, 45, 50, 55, 60, 70, 80 , and 100%. The selected by Percoll gradient was studied by the linear regression gradient columns (40-50-70-80-90-100% and 30-35-40-45-50- analysis (r values were calculated by Pearson test). The same 70-80-90-100% respectively) were prepared in a 15 ml Falcon tube correlation analysis was used between C22:6 n3 (docohexaenoic by gently layering 1 ml of each of the above-mentioned solutions, acid, DHA) and sperm morphology (% atypical forms). Graphical starting from the 100% layer at the bottom. Semen (1 ml ) was representations of the correlations were reported. diluted with Earle's solution (1:2) and centrifuged at 400 g for 15 min at 18°C and the cell pellet was resuspended in 0.5 ml of Earle's solution. The semen cell suspension was gently stratified on top of Results the discontinuous Percoll gradient and centrifuged for 25 min at Table I reports the seminal characteristics (pH, volume) the nd ϭ not determined. *P Ͻ 0.005; **P Ͻ 0.0001 with respect to the value of the germinal cells or fraction 40 respectively.
on Percoll gradient (Table II) . The results are reported as a of the n3 series detected, C20:5 and C22:6 n3, progressively increased with the higher concentrations of Percoll gradient. percentage of each fatty acid in respect to total fatty acids analysed and represent the mean Ϯ SD of the different samples Evaluating linoleic acid (C18:2 n6) and α linolenic acid (C18:3 n3), a significant inverse correlation with the Percoll gradient (six for IGC and 10 for whole spermatozoa and sperm populations selected by Percoll gradient).
concentrations was observed (r ϭ -0.94, P Ͻ 0.005, r ϭ -0.96, P Ͻ 0.001, Figure 1a,b) . On the contrary a direct linear In the sperm populations, the percentage of saturated fatty acids was not significantly modified whereas among the correlation was found between the increase of DHA and those of the Percoll gradient (r ϭ 0.94, P Ͻ 0.005, Figure 1c ). unsaturated fatty acids a significant rearrangement was observed. Evaluating linoleic acid (C18:2 n6) and α linolenic
The high percentage of C22:6 n3 was correlated with the morphology of the spermatozoa. In fact, an inverse relationship acid (C18:3 n3), the percentage of these essential fatty acids decreased from 7.6 Ϯ 2.5 to 4.17 Ϯ 0.9% and from 0.46 Ϯ was observed (r ϭ-0.96, P Ͻ 0.005) between the mean Ϯ SD of the percentage of atypical forms scored in each layer, 0.025 to 0.2 Ϯ 0.03% in the different Percoll fractions. Among the desaturase metabolites of the n6 series the percentage of of the 10 ejaculates, and mean Ϯ SD of percentages of C22:6 n3 evaluated in the same layers (Table III) . The best C20:3 n6 was not significantly modified in the different Percoll fractions whereas the percentage of C20:4 n6 progressively morphological pattern corresponded to the highest content of this polyunsaturated fatty acid. decreased and this decrement was associated with an increase of C22:4 n6. On the contrary both the desaturase metabolites
In respect to the pattern of mature cells, significant differ-ences were found in the IGC isolated by the second Percoll gradient (Table II) . As in sperm cells, the saturated fatty acids were mainly represented by C16:0 and C18:0, but the percentage in respect to the total fatty acids analysed was significantly higher, being 68.66% (P Ͻ 0.005). Mono-unsaturated fatty acids, were composed of C16:1 n7 and C18:1 n9 and represented 12.9 Ϯ 1.2% and the percentage of linoleic acid (C18:2 n6) was 9.1 Ϯ 1.6% and of α linolenic acid (C18:3 n3) was 0.44 Ϯ 0.04%, significantly higher than in mature sperm cells (P Ͻ 0.005 and P Ͻ 0.0001). On the contrary, among the desaturase metabolites n6 PUFA represented the 8.39% and n3 PUFA the 3.64%. These values were significantly lower in comparison with those observed in mature sperm cells. Di-homo y-linolenic acid (C20:3 n6), arachidonic acid (C20:4 n6) and docosahexaenoic acid (C22:6 n3) were the main PUFAs represented but they were present at different percentages compared with mature sperm cells, being 6.4 Ϯ 2.4%;1.9 Ϯ 0.5% and 3.6 Ϯ 1.5% respectively (P Ͻ 0.001).
Discussion
The lipid components of sperm cell membranes derive from that of a spermatogonion that, during the various mitotic and meiotic divisions, receives metabolic contribution from intracellular synthesis processes. A complete rearrangement of the membrane structure during the sperm passage through the epididymis has been shown in animal models (Gaunt et al., 1983; Myles et al., 1984; Cowan et al, 1986; Wolf et al., 1986) . It has also been shown that biomembrane fluidity and the degree of PUFA unsaturation increases when spermatozoa pass from the caput to the cauda of the epididymis (Hall et al., 1991) . In rat, it has been shown that both long-chain n6 and n3 PUFA can be synthesized both in germinal and Sertoli cells under hormonal control (Coniglio, 1994) , indicating an active sperm lipid metabolism of the testis including the desaturation and elongation of the essential fatty acids. Furthermore, these maturation process. In this connection morphological, sperm membrane surface and enzymatic changes have been shown to be strictly related to the segregation of phospholipids Vigue, 1993, Huszar et al., 1997, Gergely et al., (Muller et al., 1994) . Finally, a significant variability in representative saturated fatty acids in whole spermatozoa and that oleic acid was the most frequent mono-unsaturated one.
Of the essential fatty acids, the concentration of linoleic acid (Aitken et al., 1987) and it has been correlated both with sperm pathologies and with in-vitro sperm function (Aitken (C18:2 n6) was higher than that of α linolenic acid (C18: 3 n3) whereas, as recently reported (Lenzi et al., et al., 1989; D'Agata et al., 1990; Twigg et al., 1998) . Invitro experiments have shown that cells isolated from the 40-1996; Zalata et al., 1998a) , DHA was the most representative long-chain PUFA of mature sperm cells. On the contrary, in 65% Percoll gradients, consisting mostly of leukocytes and damaged or older sperm cells, are the main source of ROS IGC the percentage of saturated fatty acids and of the essential fatty acids, linoleic and linolenic acids, was significantly higher (Aitken and Clarkson, 1988, Zalata et al., 1998b) whereas cells isolated at the bottom of the gradients, consisting of whereas the percentage of the long-chain PUFA C20:4 n6, C20:5 n3, C22:4 n6 and C22:6 n3 were significantly lower. morphologically normal spermatozoa, do not produce ROS and have a higher in vitro fertilizing ability (Mortimer, 1991 ). Significant differences were found in the percentage of fatty acids in the sperm populations selected by Percoll gradient These findings on the higher percentage of long-chain PUFA in morphologically normal spermatozoa selected from gradients confirming quite similar results, in PUFA percentages, obtained by using the swim-up selection technique and radiolabelled from 70 to 100%, compared with those deriving from 40-50% gradients could indicate that ROS production can peroxidate fatty acid incorporation (Alvarez and Storey, 1995) . In these experiments, the percentage of essential fatty acids progresslong-chain PUFA (e.g. DHA) reducing its relative percentage in the most sensitive sperm populations. ively decreased with an increasing Percoll concentration and this decrease was associated with an increase of the content
In conclusion, these results demonstrate that the human germ cell line is able to metabolize lipids, in particular to of C22:4 n6 and of C22:6 n3. The concentration of long-chain PUFA increased in the layers 70-100% of the Percoll gradient, synthesize and metabolize polyunsaturated fatty acids from IGC to mature spermatozoa and that the percentage of PUFA hence in the cells with the best morphology. Considering the metabolic pathway of essential fatty acids, these results could in sperm cells seems strictly related to their normal morphology and function. indicate that long-chain PUFA are actively produced during the maturation of sperm cells after testicular release, or that the spermatogenic process produces spermatozoa with different
